and air temperature over most of South America. The overall results show that despite some problems, increasing the resolution in the HadGEM1 model family results in a more realistic representation of climate patterns over South America and the adjacent oceans.
Introduction
South America (SA) is a continent with great latitudinal extension, with a diversified surface physiography and a large mountain range, the Andes, located on its western side, extending from 60°S to the tropics. The continent has tropical, sub-tropical and extratropical characteristics, and because of its large area, it is influenced by various dynamic systems with different spatial and temporal scales, resulting in differing climatic regimes in its sub-regions. Prominent among the wide variety of systems that determine the climate of SA are the South Atlantic Convergence Zone (SACZ; Kodama 1992; Satyamurty et al. 1998; Carvalho et al. 2004) , the Intertropical Convergence Zone (ITCZ; Uvo and Nobre 1989; Waliser and Gautier 1993) , mesoscale convective systems (MCS; Machado and Rossow 1993; Sakamoto et al. 2011), upper-level vortexs (Gan and Kousky 1986) , and the Bolivian High (BH; Gutmann and Schwerdtfeger 1965; Lenters and Cook 1997) . It is also important to highlight the El Niño/Southern Oscillation (ENSO) phenomenon and sea surface temperature (SST) variability, which directly affect SA climate variability and are among the main challenges for climate modeling (Grimm and Silva Dias 1995; Ambrizzi et al. 1995) .
Abstract
This study investigates the impact of increased horizontal resolution in coupled and atmosphere-only global climate models on the simulation of climate patterns in South America (SA) . We analyze simulations of the HadGEM1 model family with three different horizontal resolutions in the atmosphere-N96 (~135 km at 50°N), N144 (~90 km) and N216 (~60 km)-and two different resolutions in the ocean-1° and 1/3°. In general, the coupled simulation with the highest resolution (60 km in the atmosphere and 1/3° in the ocean) has smaller systematic errors in seasonal mean precipitation, temperature and circulation over SA than the atmosphere-only model at all resolutions. The models, both coupled and atmosphere-only, properly simulate spatial patterns of the seasonal shift of the Intertropical Convergence Zone (ITCZ), the formation and positioning of the South Atlantic Convergence Zone (SACZ), and the subtropical Atlantic and Pacific highs. However, the models overestimate rainfall, especially in the ITCZ and over the western border of high-elevation areas such as southern Chile. The coupling, combined with higher resolution, result in a more realistic spatial pattern of rain, particularly over the Atlantic ITCZ and the continental branch of the SACZ. All models correctly simulate the phase and amplitude of the annual cycle of precipitation
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The large-scale seasonal patterns of meteorological variables are constantly being analyzed across the globe, and a more realistic representation of their characteristics still remains a challenge for climate modeling. Among the systems that determine the climate variability and are not yet well simulated by climate models, despite having well defined seasonal cycles, are the zones of convergence. Simulations of these systems are constantly being evaluated in order to understand model errors. For example, errors in intensity, position and displacement of the convergence zones acting over SA have been discussed by Custodio et al. (2012) and Bombardi and Carvalho (2009) . Furthermore, coupled climate models share systematic errors in the breaking up of the ITCZ (Ma et al. 1996; Yu and Mechoso 1999; Cavalcanti et al. 2002; Biasutti et al. 2006; Silva et al. 2014 ) and the representation of circulation patterns and rain in the Andes' highlands. There is a general agreement that global climate models require constant evaluation in order to identify simulations errors and indicate directions for improvement.
Proceeding from the Intergovernmental Panel on Climate Change Fourth Assessment Report (IPCC AR4; Solomon et al. 2007 ) and the Coupled Model Intercomparison Project-Phase 3 (CMIP3), General Circulation Models (GCM) have been improved and their resolutions refined for CMIP5. IPCC AR5 (IPCC 2013) show that the ability of these models to simulate surface temperatures have increased in many, but not all, aspects with respect to AR4. CMIP5 models also showed an improvement in the mean annual rainfall, compared to CMIP3, with an increase in global spatial correlation between simulations and observations. However, precipitation continues to present large errors at regional scale, and their evaluation at such scale remains difficult due to observational uncertainties (Hegerl et al. 2015) .
Increasing horizontal resolution in GCMs is constantly being tested in climate modeling centers around the world (e.g. Shaffrey et al. 2009; Delworth et al. 2012; Kinter et al. 2013; Bacmeister et al. 2014; Mizielinski et al. 2014; Small et al. 2014) . One of the first initiatives to simultaneously increase the resolution in both the atmosphere and the ocean in coupled models took place within the UK High Resolution Global Environmental Modelling (HiGEM) project (Shaffrey et al. 2009 ) and the UK-Japan Climate Collaboration ).
According to Roberts et al. (2009) , increasing horizontal resolution in the HadGEM1 model family improved some aspects of the simulations such as tropical instability waves and their interaction with the tropical atmosphere. These authors point out that the interaction between the tropical instability waves and the response of near-surface winds impact the average state of the equatorial Pacific Ocean and therefore the average global climate and ENSO. The ability of the atmosphere to respond to small-scale structures in the SST in a more realistic way was apparent in studies of Shaffrey et al. (2009) and Roberts et al. (2009) . High-resolution atmosphere-only simulations have shown significant improvements in many features, such as in the representation of tropical cyclones trajectories and in the spatial distribution of precipitation, particularly where orographic effects are important (Pope and Stratton 2002; Jung et al. 2006 Jung et al. , 2012 Manganello et al. 2012; Kopparla et al. 2013; Van Haren et al. 2015) . For the ocean, resolution affects the representation of ocean eddies, which can result in improvements in wind direction, circulation and westerly currents (originating from the west; Shaffrey et al. 2009 ).
In SA, GCMs have shown some ability to predict seasonal rainfall, especially in the northeast of Brazil due to its strong relationship to SST anomalies (Nobre et al. 2001; Moura and Hastenrath 2004) . Coupled GCMs depict major problems in the simulation of SA rainfall, particularly in the intensity, location and seasonal evolution of the SACZ, as well as in the exact quantification of seasonal mean precipitation over the major basins of the continent (Vera et al. 2006) . For example, CMIP3 GCMs do not reproduce the rainfall maximum observed over southeastern SA (SESA) during the cold season (Vera et al. 2006; Seth et al. 2010 ). According to Cavalcanti et al. (2002) , the global model CPTEC-COLA underestimates (overestimates) rainfall in the tropical (subtropical) sectors of the convergence zones. On the other hand, this model overestimates precipitation over the Andes and in northeastern Brazil, while a large deficit of rainfall was noted in the interior of the South American continent, including the Amazon basin.
The coupled models of the HadGEM1 family with finer horizontal grids (135 and 90 km in the atmosphere) were previously analyzed over South America by Custodio et al. (2012) , albeit with a slightly different physical formulation, and pointed out some improvement in the representation of migration and positioning of the ITCZ and Pacific and Atlantic subtropical highs. Furthermore, the models reproduce the location and seasonal evolution of the SACZ well, indicating significant improvements over coarser horizontal resolution models (Vera et al. 2006; Seth et al. 2010) . In contrast, the Brazilian climate model (BESM-OA2.3) developed by CPTEC/INPE, with intermediate horizontal grid (1.875° in the atmosphere), analyzed by Nobre et al. (2013) , showed errors similar to those of other coupled models, such as a double ITCZ displaced to the south and an almost absent South Pacific Convergence Zone (SPCZ). In addition, BESM-OA2.3 simulated excessive rainfall over the oceans and a deficit over the continent, especially over the Amazon basin.
The objective of the present study is to evaluate the impact of horizontal resolution in global coupled and atmosphere-only models on the climatology of SA. The simulations were performed with the HadGEM1 model family using various horizontal grid spacing: N96 (~135 km at 50°N), N144 (~90 km at 50°N), N216 (~60 km at 50°N) in the atmosphere and 1° (gradually increased to 1/3° at the equator) and 1/3° globally in the ocean. Two important aspects are addressed here: (1) does increased horizontal resolution in this model impact the simulated climate over South America; (2) what is the impact of SST on this climatology?
Materials and methods

Model
The simulations described in this paper share a common model based on the UK Met Office Hadley Centre Global Environmental Model version 1, HadGEM1 (Johns et al. 2006; Martin et al. 2006; Ringer et al. 2006 ), a fully coupled Atmosphere-Ocean GCM. HadGEM1, referred to as HadGEM here, was developed for the IPCC AR4 at a horizontal grid spacing of 1.25° latitude × 1.875° longitude (N96) in the atmosphere and 1° × 1° in the ocean (augmented to 1/3° meridionally at the equator; Table 1 ). From HadGEM, two higher-resolution configurations were developed in the context of high-resolution modelling programs developed in partnership between the Natural Environment Research Council (NERC) and the Met Office Hadley Centre: (1) HiGEM developed under the UK High Resolution Global Environmental Modelling project at a resolution of 0.83° latitude × 1.25° longitude (N144) in the atmosphere and 1/3 × 1/3° in the ocean (Shaffrey et al. 2009 ); (2) NUGEM developed in the context of the UK-Japan Climate Collaboration at a resolution of 0.55° latitude × 0.83° longitude (N216) in the atmosphere and 1/3 × 1/3° in the ocean ). HiGEM and NUGEM were developed based on a number of small modifications in the dynamical core of the "parent" configuration, HadGEM, necessary for enabling the increased resolution in the ocean and atmosphere, such as the time step Demory et al. 2014 ), but they share identical physical parametrizations to allow a clean comparison of the effect of resolution.
The atmospheric component of HadGEM has a nonhydrostatic dynamical core with semi-Lagrangian transport, where the equations are discretized on the Arakawa C grid. In addition, the model includes an iterative scheme for aerosols. The parameterizations of the boundary layer and convective schemes are virtually identical to those used in HadCM3 (Pope et al. 2000) . HadGEM has 38 vertical levels with the top of the model set at 39 km; thus the stratosphere is not completely resolved. HadGEM uses the second version of the UK Met Office Surface Exchange Scheme (MOSES-II; Cox et al. 1999; Martin et al. 2006) to represent the surface processes allowing the description of the heterogeneous coverage of the Earth's surface by the use of nine different surface types.
The oceanic component of HiGEM/NUGEM follows that used in HadGEM (Johns et al. 2006 ), but with a higher horizontal resolution (1/3° globally) and some additional improvements. The oceanic model is formulated on a spherical latitude-longitude grid using 40 vertical levels spaced unevenly, with a higher resolution near the surface to better address the mixed layer and the ocean-atmosphere interaction processes. The maximum ocean depth is 5500 m. A more detailed description of the ocean model can be obtained in Shaffrey et al. (2009) .
The formulation of the sea ice also follows that used in HadGEM. However, the values of some parameters and the introduction of sub-schemes for space and time for the ice dynamics were changed. Rather than existing as a separate sub-model, part of the ice is treated within the ocean model, and a small part is resolved by the atmospheric model. The ocean model addresses the dynamics, redistribution mechanics, and thermodynamics of the sea ice, while the atmospheric model calculates the ice-air fluxes and the temperature of the ice surface using the time step of the atmosphere to allow the representation of the diurnal cycle of the ice. Mean fields are then transferred to the ocean model at each coupling time step (once a day). Further details on the sea ice component of HadGEM can be obtained in McLaren et al. (2006) .
Simulations
The present study analyze and compare six simulations of the HadGEM series using the same dynamical core, and the same physical parameterization and radiative forcing. All simulations used the radiative forcing (e.g. climatological annual cycle of present-day greenhouse gases and aerosols) of the 1990s, with the model running freely in response to this forcing. The simulations differ only in being either coupled or atmosphere-only and in terms of horizontal grid spacings in the atmosphere and ocean (see details and nomenclature in Table 1 ). In the atmosphere-only simulations, referred to as HadGAM, HiGAM and NUGAM (Table 1) , SST and sea ice are prescribed by the Atmospheric Model Intercomparison Project (AMIP II; Gates et al. 1999) , from 1979 to 2002 with a horizontal resolution of 1° × 1°. The characteristics of austral summer (DecemberJanuary-February-DJF) and austral winter (June-JulyAugust-JJA) climates are analyzed over SA, while the annual cycle is evaluated over the five subdomains shown in Fig. 1 . The regions are identified as: AMZ (Amazon), NDE (Northeast), SESA (Southeastern South America), Andes (AND) and Patagonia (PAT). The climate patterns are classified as precipitation, temperature and circulation at low and high levels.
Data
The climate simulations are compared to different observations, which have different spatial and temporal resolutions. 
Results
Seasonal climatology: precipitation
According to Figs. 2 and 3, the seasonal migration of the ITCZ in the coupled simulations is similar to that observed , although there are some differences between simulations and observations in the rain intensity from this system. In both summer ( Fig. 2b) and winter ( Fig. 3b) , the coupled models overestimate (underestimate) rain intensity in the northern (southern) parts of the Pacific ITCZ compared to observations. In comparison to TRMM, which has a high spatial resolution, the differences between the simulations and analysis (or errors) are smaller. The north-south shifting of the ITCZ is correctly simulated by both the coupled models and the atmosphere-only models. However, the north-south extent of the ITCZ near the north coast of SA is generally greater in the atmosphere-only simulations than in the observations (Fig. 3g, h ). Moreover in the austral summer, the Atlantic ITCZ is positioned further south, near the north-northeastern coast of Brazil, in the coupled models. In DJF, the ITCZ has one precipitation maximum in the Atlantic, centered at ~25-30°W/−5°N, and is more intense in the Pacific toward the west but weakens near the west coast of Central America ( Fig. 2a-b) . In both basins, the spatial precipitation patterns in the ITCZ simulated by NUGEM (Fig. 2e ) is closer to observations (Fig. 2a, b) than the other lower resolution coupled (Fig. 2c, d ) and low-and high-resolution atmosphere-only ( Fig. 2f-h) simulations. This indicates the importance of both the horizontal resolution and the ocean-atmosphere coupling in the organization of the rain in the ITCZ. In addition, comparing NUGEM to NUGAM, there is a clear indication that the highfrequency SST variability, resulting from the daily coupling in NUGEM, is more important for reproducing the observed precipitation patterns than prescribing monthlymean observed SSTs in the atmosphere-only model. The magnitude of rainfall simulated by NUGEM in the ITCZ is also closer to observations than the other models. The rain area in the Atlantic ITCZ is centered at ~3-4°N/30°W in NUGEM, which corresponds to the latitude of convergence of trade winds in the lowermost troposphere (the layer between 1000 and 900 hPa). This indicates that, in the coupling-resolution combination, rain is responding to the correct positioning of the large-scale low-level wind convergence (figure not shown) and the associated convective systems, a response that is not as clearly seen in the other simulations. Using a coupled regional model at high resolution (1/4°), Seo et al. (2008) obtained similar results to that of NUGEM, i.e. a more realistic ITCZ in the tropical Atlantic. According Seo et al. (2008) , this response occurs provided that the convection associated with the African Easterly Waves reinforces the ITCZ precipitation in an environment in which large-scale convergence at low levels is also more intense.
The low-resolution coupled simulations used in this study, HadGEM and HiGEM, show a break in the Pacific ITCZ in Austral summer (Fig. 2c, d ), a common error in global models, which can be attributed to their adjustment in the mass flux. Since the models overproduce rain around 5-10°N, they compensate this excess with subsidence in the nearby region, creating a dry bias (Gandu and Silva Dias 1998; Cavalcanti et al. 2002) . Some studies (e.g. Ma et al. 1996; Yu and Mechoso 1999; Li et al. 2002) also attribute the double ITCZ to an underestimation in the stratus cloud cover on the Peruvian coast in the southeast Pacific, a common problem in atmosphere-only GCMs that directly affects the simulation of the ITCZ. As a result of the increased horizontal resolution, there is less break in the ITCZ in NUGEM. In the atmosphere-only simulations, the equatorial Pacific Ocean rainfall in the ITCZ is less intense, thus reducing the double ITCZ (Fig. 2f-h ). The spatial pattern of the ITCZ and the magnitude of the rain show little change with increasing horizontal resolution, and even worsens slightly in NUGAM. The double ITCZ present in the coupled models was also identified by Custodio et al. (2012) in a previous version of the HadGEM model family. However, with respect to the intensity of the ITCZ, the models considered in this study show wetter biases than those analyzed by Custodio et al. (2012) , especially over the Atlantic Ocean.
In DJF, the presence of the SACZ in the observations (Fig. 2a, b) is indicated by a region of high rainfall that extends from southern Amazonia to the subtropical Atlantic Ocean, where its oceanic branch is situated on the southeast coast of Brazil (Kodama 1992; Satyamurty et al. 1998; Carvalho et al. 2004) . As for the flow at 850 hPa (Fig. 6) , northwest winds carry moisture from the Amazon region to the subtropics of SA, which together with the western branch (northeast wind) of the South Atlantic Subtropical High favor the release of intense convective activity in the tropics and subtropics of South America. Figure 2 makes it clear that the coupled simulations, HadGEM, HiGEM and NUGEM, produce a spatial pattern of the SACZ that is closer to the observations. Additionally, the grid refinement in NUGEM implies greater similarities with TRMM, most notably in the representation of the northwest/southeast extent of the continental SACZ. The wet biases in the continental branch of SACZ are also smaller in NUGEM than in the other coupled simulations, HadGEM and HiGEM. Regarding the atmosphere-only models, the high-horizontal resolution used in NUGAM tends to increase rainfall over both the continental and oceanic regions of the SACZ, thereby increasing the wet biases of the simulation.
During Austral winter, the spatial precipitation patterns in the oceanic part of the ITCZ simulated by the coupled models are closer to observations than the atmosphere-only models (Fig. 3) . The coupled models simulate more rainfall in the eastern sector of the tropical Atlantic basin, while the atmosphere-only models simulate a maximum of rain in the western sector of this basin. In general, atmosphereonly models underestimate precipitation in the ITCZ in the southwest sector of the North Atlantic Ocean, near the west coast of Africa, compared to observations. This error in simulating the Atlantic ITCZ is common among atmosphere-only global climate models. Biasutti et al. (2006) identified a similar pattern, which was attributed to the difficulty in representing the correct relationship between SST and precipitation in the Atlantic region in atmosphere-only models. Since the sea surface is warmer in the southwestern equatorial Atlantic, models tend to simulate the maximum precipitation over this region, indicating a direct relationship between SST and precipitation, which affects the wind convergence and thus the location of the ITCZ (Biasutti et al. 2006) .
Both coupled and atmosphere-only models simulate the extensive dry area over the continent, from the northeast to the southeast of Brazil (north of 20°S) in Austral winter (Fig. 3) , with some differences in the size of this dry area. The coupled models simulate the extent of this area quite well compared to the observations ensemble (Fig. 3b) and slightly less compared to TRMM (Fig. 3a) . On the narrow band between 5°-18°S and 41°-35°W, known as the eastern coast of Northeastern Brazil, the rainy season occurs mainly from April to July (Rao et al. 1993) . In this region, the observations in JJA (Fig. 3a, b) show the occurrence of intense rainfall. According to Kousky (1980) , this rain would result from the convergence of the southeasterly trade winds and the nocturnal land breeze, since it peaks during night. This nocturnal maximum of rainfall was also confirmed by TRMM-PR (Tropical Rainfall Measuring Mission-Precipitation Radar; da Rocha et al. 2009 ). More recent studies also indicate the contribution of easterly waves propagating over the tropical Atlantic to the rain in this area (Kayano 2003; Diedhiou et al. 2010; Torres and Ferreira 2011; Gomes et al. 2015) , from cyclonic vortices in the upper troposphere to the southward displacement of the subtropical South Atlantic anticyclone. On the continent in JJA, the areas with greater rainfall are situated in northwest and southeast SA (SESA) in all simulations, agreeing with the patterns seen in the observations (Fig. 3) . In the latter region, much of the rain results from the passage or development of extratropical cyclones and their associated frontal systems, which are more frequent during Austral winter (Gan and Rao 1991; Reboita et al. 2010) . In northwestern SA, precipitation is mainly organized by the action of the ITCZ. In both areas, the spatial patterns of rainfall (location of maxima and minima) simulated by NUGEM are closer to TRMM than that simulated by NUGAM, indicating the importance of ocean-atmosphere coupling in the reproduction of observed patterns.
As mentioned above, there is a strong similarity between the spatial patterns of simulated and observed precipitation in Austral winter (Fig. 3) . However, the rain rate is overestimated in some regions, especially the western edge of mountainous regions such as the south of Chile. This is a common feature in many models. Mountains block the flow from the west and force upward motion with consequent intense precipitation, i.e. incorrectly simulating the circulation and precipitation patterns associated with elevated topography (Stern and Miyakoda 1995; Cavalcanti et al. 2002) . In addition, owing to the small number of direct observations (rain gauges) as well as the poor quality of precipitation estimates via satellite in the Andean region, the validation of the models becomes difficult in this area. From the observational point of view, the analysis of rain in extratropical mountainous regions needs to be improved, so that models can be correctly evaluated. The comparison between models and observations in Figs. 2 and 3 indicates that the increase in horizontal resolution in the coupled models (HiGEM and NUGEM) helps to reduce the rainfall excess simulated by HadGEM over the mountainous Andes region (from 25° to 10°S, especially in Austral summer).
Another important factor is that the coupled models simulate precipitation in much of Amazonia quite well compared to observations in the two seasons (Figs. 2, 3) , with small systematic errors. This represents a significant improvement compared to other GCMs, such as the MCGA (atmospheric GCM) of CPTEC-COLA (Cavalcanti et al. 2002) , ECMWF (Brankovic and Molteni 1997) and NCAR-CCM3 (Hurrel et al. 1998) , which show a significant rain deficit over the Amazon region in Austral summer. In general, the atmosphere-only models have higher systematic errors than the coupled models in the Amazon in Austral summer (Fig. 2) .
Overall, the coupled models produce spatial precipitation patterns similar to observations (Figs. 2, 3c-e) . Increasing horizontal resolution tends to reduce the simulation biases, such as over the center-west Brazil in Austral winter (Fig. 3) , or over subtropical and tropical areas of the Andes throughout the year. Moreover, the coupled models, despite their precipitation excess bias, tend to have smaller systematic errors in seasonal fields than the atmosphereonly models. These results indicate that the increase in resolution associated with the ocean-atmosphere coupling, which includes daily SST variations, results in a more realistic simulation of precipitation over SA and the tropical oceans than the low-resolution atmosphere-only models of the HadGEM1 family.
Seasonal climatology: surface air temperature
The spatial distribution of temperature in Austral summer (Fig. 4) and winter (Fig. 5) over the oceans in the atmosphere-only and coupled simulations is similar to observations, while the differences between simulations and observations are larger over the continent. The models simulate a warmer and colder surface air over north-central and southcentral SA, respectively. In the atmosphere-only simulations, the biases are smaller than in the coupled simulations in the northern and southeast-central parts of SA. Over the oceans, the atmosphere-only simulations are slightly warmer than the observations ensemble, including over the Northern Hemisphere ITCZ region. The better performance of the atmosphere-only models in simulating the surface air temperature is consistent with the fact that these simulations are forced with observed SSTs, which act as a direct regulator for the simulation of air temperature.
In both coupled and atmosphere-only simulations, higher temperatures (above 22 °C) occur in the latitudinal belt, 5°N-30°S, in Austral summer (Fig. 4) , while such temperatures have a smaller north-south extent, 5°N-20°S, in Austral winter (Fig. 5) . Temperatures below 20 °C also ) at 850 hPa in South America in summer (DJF) from ERAInterim (a), coupled models HadGEM (b), HiGEM (c) and NUGEM (d) and atmosphere-only models HadGAM (e), HiGAM (f) and NUGAM (g) occur over the Andes and at higher latitudes (south of 35°S in summer and south of 25°S in winter) in both atmosphere-only and coupled simulations.
In the Pacific equatorial region (Fig. 4b-d) , coupled simulations are colder than the observations ensemble in Austral summer, but HiGEM has the smallest biases (Fig. 4c) . In the Atlantic Ocean, HadGEM and NUGEM underestimate surface air temperature compared to the observations ensemble in Austral summer, as they do not simulate temperatures above 26 °C anywhere in a region that extends all the way to the Brazilian northeast coast. HiGEM is the only model that shows elevated temperatures from the Brazilian east coast to Africa in the equatorial region. In contrast, NUGEM has the smallest temperature biases in the southern part of the Atlantic, where temperatures are below 24 °C. In Austral winter (Fig. 5) , the coupled simulations are also colder than observations in the equatorial Pacific and Atlantic oceans. In the equatorial Pacific, the existence of a cold tongue (centered at the equator) elongated toward the west may result from more intense trade winds (see Fig. 7 ) with the consequent intensification of upwelling in the coupled simulations. Observations show a region on the continent in northeastern SA with temperatures above 26 °C, which in the coupled models is not properly simulated. Only HiGEM and NUGEM simulations show elevated temperatures in this region, although with a much smaller extent than observed. The model with low horizontal resolution (HadGEM), in addition to not simulating this warm region in winter on the continent, is cooler by 2 °C (or more) in the equatorial Pacific (Fig. 5b) . Blázquez and Nuñez (2012) showed that in the summer (DJF), fall (MAM), and spring (SON) the high-resolution global atmosphere-only model of the Japanese Meteorological Agency (JMA/MRI) underestimates temperature by up to 4 °C in eastern Argentina, western Uruguay, southern Chile and in the Tropics. In comparison, the errors in both the coupled and the atmosphere-only simulations analyzed here are much smaller (bias of less than +0.5 °C in these regions) than those obtained in Blázquez and Nuñez (2012) . It has to be noted that this JMA/MRI model used a grid spacing of 20 km (TL959), i.e. higher than the horizontal resolution of the models discussed here, and still presents significant errors in the simulation of seasonal temperature. This indicates that in addition to increasing the resolution of climate models, the physical parameterizations of these models are also of great importance in reducing simulation errors over SA.
Overall, increasing horizontal resolution tends to reduce errors in the simulation of surface air temperature, naturally over the oceans in atmosphere-only models, which are forced by observed SST. The largest systematic errors occur over the oceans and northern SA. The equatorial region of the Pacific Ocean is also identified in the seasonal analysis of precipitation (Figs. 2, 3) as having a break in the ITCZ. The coupled models also have relatively large errors in air temperature over the ocean, which indicates the need for improvements in the simulation of SST that has a direct impact on air temperature over the ocean due to the turbulent processes at the air-sea interface.
Seasonal climatology: circulation at low and upper levels
At low levels (850 hPa), the main circulation patterns during Austral summer (Fig. 6 ) and winter (Fig. 7) in ERAIN show the subtropical high over Pacific and Atlantic Oceans (centered in 30°S in summer and 25°S in winter); the southeasterly trade winds over tropical Atlantic and Pacific Oceans that intensify from summer to winter; the westerly flow crossing over the Pacific and Atlantic Oceans at high latitudes (south of 40°S), which intensify from summer to winter; and the maximum of northwest wind speed east of the Andes, known as east Andes Low Level Jet (LLJ). All these systems are properly simulated by both coupled and atmosphere-only models. In some areas, as in the equatorial Atlantic near the northern coast of SA and the high latitudes westerly flow (south of 40°S), the wind speed errors are smaller in NUGEM.
The maximum northwest wind speed in east of the Andes LLJ is more intense in summer (Fig. 6 ) than winter (Fig. 7) in ERAIN. In this reanalysis, the LLJ undergoes a meridional displacement between winter and summer, being centered further north in summer (northern Bolivia) and further south in winter (northern Paraguay). The coupled and atmosphere-only models correctly simulate these characteristics observed in the LLJ in ERAIN. In winter, the winds at 850 hPa on the northeast coast of SA are stronger in atmosphere-only models than in the coupled models and ERAIN (Fig. 7) . This pattern in the atmosphere-only models can explain the greater intensity of the ITCZ in this area (Fig. 3) , since the deceleration of the trade winds induces greater convergence and increased rainfall. Figure 8 presents a vertical cross section of the wind speed at 17.5°S latitude in summer, the season during which the LLJ is quite typical (Marengo et al. 2003) . In the atmospheric simulations, in both the intensity of the core of the LLJ as well as the vertical level of its top speed, there is virtually no change with increased horizontal resolution of the models (Fig. 8) . In these three simulations, the core of the LLJ is located at higher pressure levels (~700 hPa in NUGAM and 725 hPa in HadGAM) than in ERAIN (~850 hPa). However, the maximum speed of the LLJ is closer to that of ERAIN. The coupled models have a different behavior in relation to the low level jet. With the increase of the horizontal resolution in these models, the LLJ intensifies as shown in Fig. 8 . Furthermore, with the increased resolution the core of the LLJ is moved west, closer to the Andes, i.e., the jet is centered at ~ 61°W in HadGEM and ~ 63°W in NUGEM. This indicates a direct impact of the more realistic topography used by NUGEM, and in this simulation the position of the LLJ is closer to that of ERAIN. On the other hand, with the increase in resolution, the core of the LLJ occurs at higher pressure levels (~8.5 m/s at 800 hPa in NUGEM) and is more intense than in ERAIN (~4.5 m/s at 850 hPa). Note that caution is needed when analysing the LLJ intensity since, in the region of LLJ, there is no direct observation of air superior (soundings) to be assimilated by ERA-Interim, which may provide a weak jet in the reanalysis. For example, for the period 15 January-14 February 2003 during SALJJEX the special observations of air superior were assimilated by Herdies et al. (2007) in high-resolution global reanalysis systems (with 1° of horizontal grid). For example, they obtained stronger winds in the LLJ region (mean wind speeds greater 8 m s ) and a narrower LLJ core closer to the Andes after assimilation of upper air SALLJEX observations.
Only in coupled simulations does the increase of resolution change significantly the LLJ intensity (Fig. 8) and spatial pattern of precipitation during summer (Fig. 2) . Therefore, the more intense LLJ in NUGEM is a result of the association between coupling and high resolution. For example, the difference between NUGEM (60 km) and HiGEM (90 km) shows more precipitation in part of SESA, southeast Brazil and western Amazon during summer (Fig. 9 ). This is explained by a better representation of the SACZ in NUGEM (Fig. 3e ) and the intensification of moisture transport from north to south-southeast SA.
The difference in sea level pressure between NUGEM and HiGEM (Fig. 10) shows two important features: (a) a negative anomaly of pressure over SESA (centered ~30°S) and surrounding areas, which may indicate more intense (or frequent) baroclinic systems, which, according Sugahara et al. (1994) , act to intensify the east Andes LLJ; (b) a more intense subtropical high in south Atlantic ocean, another feature in NUGEM that also contributes to intensify this LLJ (Misra et al. 2003; Cuadra and da Rocha 2006) . Besides the east Andes LLJ, Fig. 8 depicts that simulations adequately reproduce the speed maxima in the lowermost troposphere (between 1000 and 900 hPa) associated with the subtropical anticyclones in the Pacific (west of 75°W) and Atlantic (east of 45°W).
ERAIN shows in Fig. 11 the circulation at 200 hPa over SA, where the two characteristic systems that are prominent during the summer are the BH (centered at ~22°S-60°W) and the trough over northeastern Brazil (trough axis at ~20°W). The coupled and atmosphere-only models simulate these two systems similar to ERAIN in position and intensity. The BH is a quasi-stationary anticyclone which in ERAIN is centered at ~20°S, 70°W. Although the simulations correctly represent the position of the BH, it worth noting that this system is simulated closer to ERAIN in NUGEM than in other simulations. The small error in positioning the BH in the simulations can be explained by the realistic representation of rain in the Amazon since numerical studies indicate that this system would be a response to the heat source associated with convection in this basin (Gandu and Geisler 1991; Lenters and Cook 1997) . The trough over northeastern Brazil is also represented in the six simulations, although the coupled as well as the atmosphere-only models locate it east of its position in ERAIN. The models show a pattern similar to ERAIN in the simulation of the speed maximum in the westerly flow over the southeast sector of the South Atlantic Ocean (east of ~30-20°W and centered on 45°S latitude) and the weakening of the subtropical jet over the south Pacific and South America (Fig. 11) . NUGEM simulates both factors of the 200 hPa flow at mid-latitudes more closely to ERAIN.
Regional climatology: annual cycle and biases
The annual cycles of precipitation and temperature for five subdomains of South America are shown in Figs. 12 and 13. In region AMZ (Fig. 12a) , the rainy season in the observation occurs from December to March (maximum of 10 mm day ). All simulations correctly represent the observed phase of the annual cycle of rain in the region, which is reflected in high correlation coefficient values (between 0.98 and 0.99) as shown in Fig. 12b . However, the simulations are wetter over a large part of the year (mainly from January to March) than the ensemble, except NUGEM in some months of the year. The refinement of the grid in coupled models (NUGEM) contributed to a smaller annual bias (0.2 mm day ). Figure 12b also shows that the simulated standard deviation is close to the ensemble, especially in NUGEM and HiGEM. This would indicate the importance of ocean-atmosphere coupling and grid refinement for realistic simulations of rain over AMZ.
As pointed out by Custodio et al. (2012) , the slightly altered version of the coupled and atmosphere-only models of the HadGEM family did not have the dry bias in the region of the Amazon basin that is pointed to as a common error in many climate models in the region (Cavalcanti et al. 2002; Li et al. 2002; Marengo et al. 2003; Seth and Rojas 2003; Seth et al. 2007; Ma et al. 2011 ). This error is usually attributed to the smoothing of the Andes in global climate models. For the models of the HadGEM family, although versions differ from one another in their configurations, these differences did not alter significantly the representation of the annual cycle of precipitation in AMZ.
The observations show that the rainy season in NDE is concentrated in the months from January to April, with a peak in March, due to the shift to the south of the ITCZ (Fig. 12c) . In the following months the rain decreases abruptly, reaching minimum values (1 mm day −1 ) in August-September (Fig. 12c) . The coupled and atmosphere-only models are in phase with the observed annual cycle of rain with correlation greater than 0.95 (Fig. 12d) , but there are some differences in intensity. Among coupled models (Fig. 12c) , those with lower resolution (HadGEM and HiGEM) present the highest relative biases (47 and 37 %, respectively) for the region since they are wetter (drier) than the ensemble during the rainy (dry) season. The larger amplitude of the annual rain cycle in these simulations is reflected in the larger values of the standard deviation (Fig. 12d) . NUGEM remains drier than the observations throughout the year, and among the coupled simulations provides the lowest relative bias (−25 %) and standard deviation similar to that of observed dataset. In the NDE region, the biases of precipitation in the atmosphere-only models (13 % in HadGAM, +3 % in HiGAM, and 5 % in NUGAM) are smaller than in the the coupled models. The best performance of atmosphere-only models in simulating the annual cycle of precipitation in the NDE is directly related to incorrect positioning of the ITCZ over northern SA in HadGEM and HiGEM (see Fig. 3c, d ). The increase of the horizontal resolution in the coupled models lessens the overestimation of rainfall in NDE while correctly positioning the ITCZ (see Fig. 3e ).
During the rainy season the wet bias in NDE occurs in most simulations (atmospheric and coupled) indicating little association with the SST. Possibly these errors are related to the local scale physical processes that are not being correctly resolved in the models of the HadGEM family such as, for example, parameterization of convection. By comparing our results with those of Custodio et al. (2012) , it can be seen that the changes between the two coupled versions of the HadGEM family do not present a clear trend since in the rainy and dry seasons the bias decreases and increases, respectively, in the version used by Custodio et al. (2012) .
In the observations, the rainy and dry seasons occur from June to August and from October to April, respectively, in the SESA region (Fig. 12e) . This pattern is correctly simulated by the coupled and atmosphere-only models, although they overestimate the rainfall rate throughout most of the year. In SESA only the coupled model with lowest resolution (HadGEM) remains drier than the observation from January to April. For annual rainfall, the relative biases in SESA range from +20 % in HiGEM and HiGAM to values close to zero in HadGEM and HiGAM, in other words, values always less than 0.85 mm day −1
. In this region increasing the resolution increases the rainfall rate and the relative bias. However, in all simulations the biases are much lower than previously reported for other global models (Seth et al. 2010; Blázquez and Nuñez 2012) and regional models ) in a similar region. Compared to Custodio et al. (2012) , the version assessed here does not change the representation of the annual cycle of precipitation in the SESA. In addition, these results represent an improvement compared to the nine coupled models of the CMIP3 project (Seth et al. 2010 ) and some of the CMPI5 models, which underestimate the spring rainfall by 50 % (da . Together with the small annual bias in all simulations both the phase and amplitude of the annual precipitation cycle is similar to the observed, as indicated by the high correlation (between ~0.8 and 0.9) and similar standard deviations (Fig. 12f) . By comparison, in SESA the atmosphere-only, as well as the coupled simulations, represent a great improvement over the CMIP3 models, which are very dry (annual bias ~−3 mm day
) during the winter and do not simulate the observed phase of the annual cycle of precipitation, principally the peak rainfall in April.
In regions AND (Fig. 12g) and PAT (Fig. 12i) , the coupled as well as the atmosphere-only models, although in phase, are wetter than the observation throughout the year. This bias was identified in seasonal fields (Figs. 2, 3 ), in view of the fact that these areas are in the southern part of the Andes where all simulations overestimate the rain. In these two regions, the monthly rainfall is small and there is not much difference between rainfall throughout the year in the observations, while the models simulate an annual cycle with greater amplitude, implying higher simulation errors. In the AND subdomain (Fig. 12g) , almost all of which is located over the Andes, the observed amplitude of the annual precipitation cycle is small (≈ 1.0 mm day
−1
). With the increase of the horizontal resolution, the simulated rain intensity increases and therefore the bias as well, which is greater in NUGEM (+67 %) and NUGAM (+58 %) than in HiGEM (+32 %) and HiGAM (+27 %) with HadGEM providing intermediate values. In this region the correlation for the annual cycle is low (<0.4) in most simulations, except in HadGEM and HadGAM (Fig. 13h) . In the higher resolution models (NUGEM and NUGAM), the increase in RMSE (Fig. 12h) indicates a bigger difference between the simulated and observed maxima and minima. In PAT (Fig. 12i) , rain in the observation increases in the months of May and June, which is not properly represented in all simulations. Among the coupled models, only NUGEM presents heavier rain in May, while HadGEM and HiGEM simulate only a maximum in June. For the atmosphere-only models, the peaks observed in May-June are not simulated correctly, and only NUGAM simulates maximum rainfall between April and June. With increased resolution the simulations in PAT have an annual rainfall cycle closer to the ensemble, both in coupled and in atmosphere-only models (Fig. 12i) . The correlation for the annual cycle is high in the PAT region (~0.8) and, in all simulations, the amplitude of the annual cycle is slightly lower than observed (Fig. 12j) . Furthermore, the diagram shows that all simulations have standard deviation values close to the observations and small RMSE (Fig. 12j) .
The annual cycles of temperature for the subdomains and their Taylor diagrams are shown in Fig. 13 . Among the regions analyzed, the smallest observed annual range of temperature occurs in AMZ (Fig. 13a) , where the temperature remains close to 25 °C, with an increase of at most 1 °C beginning in August. In AMZ, comparison with observations shows great discrepancies in the maximum and the minimum values, with differences of up to 1 °C. Both coupled as well as atmosphere-only models simulate the semi-annual cycle, with two periods of maximum temperature-from September to November and from January to February. This feature does not occur in the annual cycle of precipitation as discussed above. Among the coupled and atmosphere-only models, except for the months from June to July, the models with resolutions of 135 and 90 km have the smallest systematic errors in relation to the observation. The increased horizontal resolution in AMZ increases the bias of the coupled and atmospheric simulations, i.e. −0.3 °C (+0.8 °C) in HadGEM (HadGAM) to +1.5 °C (+1.3 °C) in NUGEM (NUGAM). The atmospheric simulations and NUGEM have high correlations (between 0.8 and 0.9) for the annual cycle of temperature, while HadGEM and HiGEM have a slightly lower correlation (~0.7). The larger amplitude of the annual temperature cycle in the simulations implies higher standard deviations and RMSE in the AMZ (Fig. 13b) . The larger positive bias of higher resolution horizontal models in representing the annual temperature cycle indicates that the resolution is not the only factor to reduce the temperature simulation errors in the AMZ.
The observed temperature annual cycle in the ensemble for the NDE region (Fig. 13b) locates the warmest period from September to March and the coldest from May to August. The coupled and atmosphere-only models correctly represent these periods. In the NDE, the temperature bias of the atmosphere-only models is lower from January to September, while it is lower in the coupled models from October to December. Increased horizontal resolution reduces the cold bias in the coupled simulations from −1.7 °C in HiGEM to −0.3 °C in NUGEM. In atmosphereonly simulations, the bias for annual temperature remains practically constant with increasing resolution (0.2 and 0.1 °C respectively in HadGAM and NUGAM). Figure 13b shows that, except for NUGEM, the models have a high temporal correlation with the temperature annual cycle (~0.95), but simulate a larger amplitude of the annual cycle than observed.
In regions SESA, AND, and PAT the observed annual cycles of temperature indicate the cold season from June to September and the warm season from December to March (Fig. 13e, g, i) . The coupled and atmosphere-only models are in phase with the observations in these three regions. The amplitude in the simulations is similar to that observed in AND and PAT, but in SESA it is larger in all simulations, reflected in higher RMS and standard deviations (Fig. 13f , h, j). All simulations correctly represent the length of the seasons in these regions, with the largest systematic errors occurring in the cold period. The correct simulation of the phase involves high correlation values for the annual cycle (above 0.95) and a standard deviation close to that of the observations ensemble (Fig. 13) . The similarity of the RMSE in these regions in all simulations illustrates the correctness of the phase adjustment presented by the models in these regions. In the coupled simulations, increasing the resolution reduces the mean annual temperature bias to very small values (lower than ±0.3 °C), but this positive impact of horizontal resolution does not occur in the atmosphere-only simulations.
Increasing horizontal resolution in the HadGEM model family does not particularly impact the representation of the annual cycle of temperature in the SA subdomains analyzed. This indicates that, for reducing systematic temperature errors in this family of models, a refinement of the grid only is not sufficient, and improvements in other physical parameterizations are necessary. It is noteworthy that the errors for the average annual temperature are small, less than ±1.5 °C in all evaluated regions.
Conclusions
The evaluation of the seasonal climatology of SA shows that the coupled and atmosphere-only models of the HadGEM1 family realistically represent the main climategenerating mechanisms over South America (SACZ, ITCZ, subtropical Atlantic and Pacific highs, and transient systems in subtropical-extratropical latitudes). In general, the coupled models simulate the north-south movement, the intensity and position of the longitudinal band of rain over the equatorial Atlantic of the ITCZ more closely to that observed than do the atmosphere-only models. In coupled models, increased horizontal resolution contributes toward the reduction of the wet bias in the region of the ITCZ, increasing the agreement with the observations on the localization of the rainfall maximum in the Atlantic ITCZ and reducing errors in its north-south displacement. In addition, in the coupled models the patterns of location and strength of the SACZ and the Pacific and the Atlantic subtropical highs are closer to those observed than in atmosphere-only models.
Comparing the seasonal errors in precipitation and temperature, it is noted that the simulations with greater systematic temperature errors on the continent also show, especially in the area of the ITCZ, larger errors in the precipitation; that is, the coupled simulations with more intense rainfall are cooler than the atmospheric simulations.
This indicates a positive feedback between higher rainfall rate and more cloud cover, and consequently, a reduction in the amount of incident radiation, implying a colder troposphere.
In general, the coupled simulation with the highest atmospheric resolution (60 km in the atmosphere and 1/3° in the ocean) has systematic errors smaller than the atmospheric simulation for the seasonal precipitation, temperature and circulation fields. In this case, the increase in resolution associated with the ocean-atmosphere coupling, which includes daily variability of SST, provides more realistic simulations of atmospheric patterns observed in South America and the tropical sector of adjacent oceans.
In most of the subdomains analyzed, both coupled and global atmosphere-only models simulate the phase of the annual cycle (dry/rainy and cold/warm seasons) similar to observations. Over the Amazon region the highlight, especially in coupled models, is the better performance of higher resolution simulations in representing the annual rain cycle, thus showing the importance and the positive impact of increased horizontal resolution for precipitation in the continental tropical sector of SA.
The impact of increased horizontal resolution in the HadGEM1 model family on the phase and amplitude of the annual cycle of precipitation and temperature does not present a common pattern in all subdomains. For temperature, the errors of the coupled and atmosphere-only models analyzed here are small over SA-smaller than those reported in other global atmosphere-only models of high horizontal resolution by Blázquez and Nuñez (2012) . This indicates that the increase in horizontal resolution is an important factor, but the physical parameterizations in the models are also relevant for realistic simulation of the phenomena described in this paper.
Based on the present results, it can be concluded that for the regions analyzed, the HadGEM1 model family simulate satisfactorily the observed climatology of both precipitation and temperature, and that errors still present are mainly in the magnitude of these variables and can be considered small in comparison to errors found in simulations of other models.
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